that the intensively studied cationic peptide NCR247 induces expression of the exo genes that encode the 26 proteins required for succinoglycan biosynthesis. In addition, genetic studies have shown that some exo 27 mutants exhibit increased sensitivity to NCR247's antimicrobial action. We therefore investigated 28 whether the S. meliloti symbiotically active exopolysaccharide, succinoglycan can protect S. meliloti 29 against the antimicrobial activity of NCR247. We discovered that high molecular weight forms of 30 succinoglycan have the ability to protect from the antimicrobial action of the NCR247 peptide, but that 31 low molecular weight forms of wild-type succinoglycan do not. The protective function of high molecular 32 weight succinoglycan occurs via direct molecular interactions between anionic succinoglycan and the 33 cationic NCR247 peptide but this interaction is not chiral. Taken together, our observations suggest that 34 S. meliloti exopolysaccharides may not only be critical during early stage nodule invasion, but are also up-35 regulated again at a late stage of symbiosis to protect bacteria against the bactericidal action of cationic 36 NCR peptides. Our findings are an important step forward in fully understanding the complete set of 37 exopolysaccharide functions during the legume symbiosis. is composed of one galactose and seven glucose residues modified with acetyl, succinyl, and pyruvyl 82 groups (6). Galactoglucan is a polymer of disaccharide subunits, each of which is composed of a glucose 83 and galactose residue, modified with an acetyl and a pyruvyl group, respectively (7). S. meliloti produces 84 and secretes two forms of succinoglycan, a high molecular weight (HMW) form composed of hundreds of 85 octasaccharide subunits (8) and a low molecular weight (LMW) form composed of 1-3 octasaccharide 86
during the early stages of root nodule formation. After endocytosis of S. meliloti by plant cells in the 23 developing nodule, plant-derived nodule-specific cysteine-rich (NCR) peptides mediate terminal 24 differentiation of the bacteria into nitrogen-fixing bacteroids. Previous transcriptional studies have shown 25 that the intensively studied cationic peptide NCR247 induces expression of the exo genes that encode the 26 proteins required for succinoglycan biosynthesis. In addition, genetic studies have shown that some exo 27 mutants exhibit increased sensitivity to NCR247's antimicrobial action. We therefore investigated 28 whether the S. meliloti symbiotically active exopolysaccharide, succinoglycan can protect S. meliloti 29 against the antimicrobial activity of NCR247. We discovered that high molecular weight forms of 30 succinoglycan have the ability to protect from the antimicrobial action of the NCR247 peptide, but that 31 low molecular weight forms of wild-type succinoglycan do not. The protective function of high molecular 32 weight succinoglycan occurs via direct molecular interactions between anionic succinoglycan and the 33 cationic NCR247 peptide but this interaction is not chiral. Taken together, our observations suggest that 34 S. meliloti exopolysaccharides may not only be critical during early stage nodule invasion, but are also up-35 regulated again at a late stage of symbiosis to protect bacteria against the bactericidal action of cationic 36 NCR peptides. Our findings are an important step forward in fully understanding the complete set of 37 exopolysaccharide functions during the legume symbiosis. 38 39 40 41 42 Introductionsubunits (9). Of these S. meliloti polysaccharides, succinoglycan is the best understood in terms of its 87 structure and functions during the legume symbiosis. S. meliloti bacteria that harbor mutations abolishing 88 succinoglycan biosynthesis, modification, or polymerization initiate the legume symbiosis and promote 89 root hair curling, but either fail to induce the host to form an infection thread through which plant tissue 90 invasion is achieved or to support continued growth of an infection thread, if one is initiated (3). Results 91 of previous work suggest that S. meliloti bacteria that lack functional ExoY, the 92 phosphoglycosyltransferase that initiates succinoglycan biosynthesis, elicit stronger expression of plant 93 defense genes than wild-type bacteria, suggesting one potential mode of action of succinoglycan is to 94 dampen the response of the plant immune system (10). This phenotype led to the hypothesis that one 95 function of succinoglycan is to serve as a signaling molecule to the host plant. Recent research by 96 Kawaharada et al. (11, 12) confirmed this hypothesis by showing that a host plant receptor selectively 97 binds to bacterial exopolysaccharides, and that this recognition by the bacterial exopolysaccharide 98 receptor is necessary for infection thread growth and bacterial invasion across the epidermal cell layers. 99
Work in the host plant M. truncatula identified signaling factors that S. meliloti encounters after 100 entering host cells, inside the symbiosomes. These signals are a family of more than 600 nodule-specific 101 cysteine-rich (NCR) peptides that are essential for differentiation of bacteria into nitrogen fixing 102 bacteroids (13) (14) (15) (16) . NCR peptides show high diversity in amino acid sequence, length and charge but have 103 conserved patterns of either four or six cysteines (17). Recently, two NCR peptides, namely NCR211 (18) 104 and NCR169 (19) have been shown to be essential for the Sinorhizobium-Medicago symbiosis. One NCR 105 peptide that has been extensively studied for its physiological activities on S. meliloti is the cationic 106 NCR247 peptide. NCR247 possesses antimicrobial activity at relatively high concentrations (20 µM) (13, 107 20) . In contrast, at a sub-lethal dose (4 µM) NCR247 induces massive transcriptional changes (about 20% 108 of annotated genes) in cell cycle synchronized bacterial cultures, inhibits cell division, and inhibits 109 translation (15, 21) . This group of genes include all genes involved in the synthesis of succinoglycan. 110 NCR247 has the sequence, RNGCIVDPRCPYQQCRRPLYCRRR, which includes four cysteines, six arginines 111 and also some hydrophobic residues. When NCR247 is oxidized, the presence of four cysteines allow for 112 the formation of three distinct, oxidized regioisomers with different disulfide connectivities. Each 113 regioisomer has its unique effects on the action of NCR247 affecting its various physiological actions (21) . 114
The disulfide connectivity inside Medicago root nodules has not yet been established for any NCR peptide. 115
The exopolysaccharide succinoglycan is known to be important for early symbiosis. However, 116 recently published studies suggest late stage symbiotic functions of succinoglycan. Interestingly, the many 117 genes whose transcription is modulated by NCR247 treatment include the ExoS-ChvI regulon, which 118 comprises the genes involved in exopolysaccharide synthesis, export, and polymerization (15, 22) . 119
Furthermore, a recent genomic, sequencing based, screen (Tn-seq) for transposon mutations that 120 sensitize to or protect S. meliloti against NCR247 antimicrobial activity has found that among those 78 121 genes affecting NCR247 sensitivity are some of the very same genes induced by NCR247 treatment (15, 122 23) . Namely, transposon insertions in genes exoW, exoV, exoT and exoQ, that are part of the final stages 123 of succinoglycan biosynthesis resulted in significant loss in competitiveness during NCR247 treatment 124 (23). Therefore, NCR247 induced expression of these genes and an increase in exopolysaccharide 125 expression may be required for resistance to the bactericidal effects of NCR247 during bacteroid 126 differentiation (23). Additional evidence for late stage functions of succinoglycan can be hypothesized 127 based on published transcriptome data derived from laser-disected nodule sections, which show that a 128 number of genes encoding succinoglycan biosynthesis proteins are up regulated later during symbiosis 129 (Fig. S1A) (24) . It remains to be determined why genes that encode for exopolysaccharide biosynthesis 130 genes are up regulated past the initial stage of symbiosis, for which they have been shown to be essential. 131
In this study, we investigated whether a second mode of action by which S. meliloti 132 exopolysaccharides might exert their biological effects is by modulating the antimicrobial activity of NCR 133 peptides later during the symbiosis. To investigate this issue, we treated S. meliloti succinoglycan 134 biosynthesis gain-of-function and loss-of-function mutants with a lethal dose of the model peptide 135 NCR247 and demonstrated that the production of succinoglycan results in higher resistance to the 136 antimicrobial action of NCR247. Using two independent approaches for peptide-polysaccharide 137 interactions, we obtained evidence that succinoglycan and NCR247 directly interact, and that this direct 138 interaction is affected by the presence of both anionic modifications, the pyruvyl and the succinyl residues 139 and the non-charged acetyl modification. We provide evidence that this interaction is, at least partly, of 140 ionic nature. Thus, our results suggest that, in addition to serving as signaling molecules in incipient 141 infection threads, the exopolysaccharide succinoglycan may also provide a level of protection to S. meliloti 142 cells when they are exposed to NCR247 and similar NCR peptides in the symbiosomes of host cells. 143
144

Results
145
Strains that overproduce succinoglycan have enhanced resistance to NCR247 antimicrobial 146 activity. Previously, we showed that mutations that eliminate the final processing steps of succinoglycan 147 production sensitize S. meliloti to the antimicrobial activity of NCR247, and we hypothesized that 148 succinoglycan production may provide protection against NCR247 (23). An alternative possibility is that 149 mutations in genes that affect the final processing steps of succinoglycan may stress and weaken cellular 150 structures, increasing the cells' sensitivity to antimicrobial peptides like NCR247 that target the cell 151 membrane. To begin testing the hypothesis that succinoglycan production is protective against NCR247, 152 we treated strains that overproduce succinoglycan and parental wild-type strains with a dose of NCR247 153 that is lethal to the wild-type S. meliloti strain Sm1021 and monitored bacterial survival hourly over a five-154 hour period of time during treatment. In this experiment, we used Sm1021 derivatives carrying either the 155 chvI D52E (25) or exoS96 (26) mutation, which both result in the hyper-activation of the ExoS-ChvI two-156 component system. The ExoS-ChvI two component system regulates a suite of genes, including those for 157 succinoglycan biosynthesis (25), and expression of the ExoS-ChvI regulon is stimulated by bacteriostatic 158 levels of NCR247 (15). We found that strains bearing either the chvI D52E (Fig. 1A , empty squares) or exoS96 159 (Fig. 1B , empty squares) alleles exhibited a significant increase in resistance to NCR247 relative to their 160 parental wild-type or exoY mutant control strains (empty circles and empty triangles, respectively) that 161 possess similar antimicrobial sensitivity to NCR247 under our experimental conditions (23). The protective 162 effect of the chvI D52E and exoS96 alleles was dependent on succinoglycan production, as loss-of-function 163 mutations in either exoY (Fig. 1A, empty diamonds) or exoA (Fig. 1B, empty diamonds) , which encode the 164 UDP-galactose-undecaprenyl-phosphate galactose-I-phosphate transferase and a glycosyltransferase, 165
respectively, that initiate succinoglycan production and therefore are essential for succinoglycan 166 production (22), significantly increased NCR247 sensitivity, compared to the S. meliloti 1021 derivatives 167 with the chvI D52E or exoS96 alleles ( Fig. 1 A and B ). These observations show that constitutive activation of 168 the ExoS-ChvI regulon enhances the resistance of S. meliloti to NCR247 and that this increased resistance 169 is dependent on a functional succinoglycan biosynthesis pathway. 170
We also assayed the sensitivity of bacteria carrying the partial loss of function allele ChvI K214T , 171 which significantly depresses expression of the ExoS-ChvI regulon including succinoglycan biosynthesis 172 genes (27). Consistent with the above results, we found that the ChvI K214T (Fig. 1C , empty triangles) strain 173 exhibited enhanced sensitivity to NCR247 antimicrobial activity relative to wild-type cells (Fig. 1C, empty  174 
circles). 175
Exogenous addition of succinoglycan protects S. meliloti against the antimicrobial activity of 176 NCR247. We investigated whether exogenous addition of succinoglycan could protect S. meliloti that was 177 simultaneously treated with a bactericidal dose of NCR247. We lyophilized the supernatant of cultures of 178 exoS96 mutant cells, re-dissolved it in water, determined the polysaccharide concentration using 179 anthrone-sulfuric acid assays and then added defined concentrations of polysaccharide to S. meliloti wild-180 type cells along with NCR247. We found that 10 µg ml -1 of exogenous succinoglycan increased the survival 181 of NCR247-treated cells by about ten-fold relative to cells treated with NCR247 alone (Fig. 2A) . 182
Interestingly, we also observed a similar level of protection afforded to NCR247-treated S. meliloti with 183 succinoglycan at 50 µg ml -1 ( Fig. 2A) . Thus, these findings indicate that the presence of succinoglycan can 184 provide protection to S. meliloti from the antimicrobial effects of NCR247. 185 HMW succinoglycan is essential for protection against the antimicrobial action of NCR247. 186 S. meliloti secretes two forms of succinoglycan, a HMW form and a LMW form (9). We tested whether 187 both, the HMW and LMW forms of succinoglycan could protect S. meliloti from the antimicrobial effects 188 of NCR247. Using the supernatant of the succinoglycan overexpressing exoS96 mutant strain, we 189 separately precipitated the HMW and LMW fractions of succinoglycan as described previously (9) and 190 then tested the effects of each fraction on the bactericidal action of NCR247. We found that addition of 191 HMW succinoglycan (10 µg ml -1 ) enhanced the survival of S. meliloti by an order of magnitude relative to 192 cultures treated with NCR247 alone (Fig. 2B) . In contrast, addition of the LMW form (10 µg ml -1 ) had no 193 effect on the survival of S. meliloti treated with NCR247 (Fig. 2B) . Thus, the HMW form of succinoglycan 194 is necessary to enhance the survival of S. meliloti treated with NCR247. 195 As an additional control we analyzed the supernatant of an exoY mutant after precipitation with 196 three volumes of ethanol. As published recently (23), an exoY mutant that lacks the ability to synthesize 197 succinoglycan does not show increased sensitivity to NCR247 (Fig. S2A) . We collected fractions 20-35 after 198 separating wild-type and exoY supernatant after ethanol precipitation on a BioGel P-6 column and 199 assessed whether these preparations were able to provide protection against the antimicrobial action of 200 NCR247 (refer to later sections for size exclusion column data). We found that the supernatant collected 201 from an exoY mutant does not contain any significant amounts of polysaccharide that corresponds to 202 HMW succinoglycan (Fig. 5 A and D) . As expected, we found that the polysaccharide material collected 203 from fractions 20-35 derived from wild-type supernatant did protect against NCR247 (Fig. S2 ) and that the 204 material recovered from the corresponding fractions of an exoY mutant did not have the same effect on 205 NCR247 sensitivity (Fig. S2 ). This result confirms our findings that HMW succinoglycan protects against 206 the antimicrobial action of NCR247. 207
Bacterial protection by HMW succinoglycan is not universal for cationic peptides. We found that 208 HMW succinoglycan has protective properties during NCR247 treatment of S. meliloti. Therefore, we 209 tested whether this protective function is a general property during challenge with cationic peptides or 210 whether our findings are specific for NCR247. To test our hypothesis, we treated an Sm1021 wild-type 211 strain with the antibiotic polymyxin B (28), the bee venom component (29) melittin, human alpha defensin 212 5 (HD5) (30), the human antimicrobial peptide LL-37 (31) and the bovine antimicrobial peptide fragment 213 . Our results indicate that the protective effects of succinoglycan against cationic peptides 214 are not universal. Succinoglycan only protects against the antimicrobial effects of Bac7 to a similar degree 215 as to NCR247 (Fig. 3A) . These results suggest that there is something special about the effects of 216 succinoglycan on the antimicrobial effects of NCR247. 217
Bacterial protection by HMW succinoglycan is not dependent on chiral interactions. One way to 218 probe the nature of a molecular interaction is to change the chirality of one of the interacting 219 biomolecules (32, 33). Therefore, we obtained and purified an all D-enantiomer of NCR247 that is made 220 up of only D-amino acids and found its lethality to be indistinguishable from that of the L-enantiomer 221 (Fig. 3B ). To test whether succinoglycan also protects against the NCR247 D-enantiomer, we assayed and 222 compared the degree to which exogenously added HMW succinoglycan antagonizes the L-and the D-223 enantiomers of NCR247 and found that HMW succinoglycan antagonized both NCR247 enantiomers to a 224 similar extent (Fig. 3B ). These observations suggest that succinoglycan antagonizes NCR247 largely 225 through mechanisms that do not involve chiral interactions. 226
HMW succinoglycan directly interacts with NCR247. Since NCR247 carries six positive charges 227 and, it seemed possible that the mechanism underlying succinoglycan attenuation of NCR247 bactericidal 228 activity is a direct interaction between anionic polysaccharide and the cationic peptide. To test this, we 229 used two approaches with two different modified NCR247 peptides. First, we utilized size exclusion 230 chromatography to investigate changes in the retention time of a FITC-labelled derivative of the reduced 231 NCR247 peptide (FI-NCR247) (21) and the HMW fractions of wild-type succinoglycan. The bactericidal 232 activity of FI-NCR247 is the same as of the unmodified, reduced NCR247 peptide (21). Initially, we used 233
CoCl2 to establish the column volume of a Bio-Gel P6 column (fractions 70-80, Fig. S3 ). Subsequently, we 234 established that FI-NCR247 elutes slightly earlier in fractions 63-70 (Fig. 4 , purple circles) by measuring 235 the FITC fluorescence intensity for each elution fraction. S. meliloti HMW succinoglycan has been shown 236 previously to run in the early eluting fractions that correspond to the void volume of a comparable column 237 setup (9). We found that wild-type HMW eluted just after fraction 20 ( Analyzing the amount of polysaccharide content in each fraction using the anthrone-sulphuric acid assay 244
showed that most of the HMW wild-type succinoglycan still eluted in fractions 20 to 30, when co-loaded 245 with FI-NCR247 (Fig. 5B ). We also determined that LMW succinoglycan eluted between HMW 246 succinoglycan and FI-NCR247 in fractions 37 and 44 (Fig. 5C ). 247
As a second approach to investigate the direct interactions between NCR247 and succinoglycan, 248 we used Octet (ForteBio) bio-layer interferometry. This method differs in multiple ways from our size 249 exclusion column experiments. This methodology is used to determine direct molecular interactions 250 based on light interference patterns changed by molecular binding of an analyte molecule in solution to 251 an immobilized, biosensor-tip bound ligand molecule. An increase in binding signal is the net difference 252 of binding and dissociation processes. Our experimental setup used streptavidin coated biosensor tips 253 loaded with biotinylated NCR247 peptide (see Material and Methods for peptide details). An experiment 254 using the ForteBio Octet platform for bio-layer interferometry involves multiple stages. After incubation 255 of the biosensor tips in assay buffer, the first stage is ligand binding (Biotin-NCR247) to the streptavidin 256 biosensor tips (Fig. 6A ). Ligand binding is followed by analyte (HMW succinoglycan) association in assay 257 buffer (Fig. 6A) . Last, the association step is stopped by placing the biosensor tips into assay buffer without 258 We found that HMW wild-type succinoglycan rapidly binds to the immobilized biotinylated 264 NCR247 peptide, as indicated by the rapidly increasing binding signal (Fig. 6B , dark blue). We did not 265 observe significant reduction in the binding signal when the biosensors were placed back into assay buffer 266 (Fig. 6B ). These findings confirmed our results obtained with the size exclusion column (Fig. 4) . As bio-267 layer interferometry only requires very small amounts of ligand and analyte, we were also able to test the 268 interaction of NCR247 with LMW succinoglycan. We observed a significantly lower degree of binding as 269 indicated by the nearly flat binding curve compared to the HMW succinoglycan curve (Fig. 6B , compare 270 dark blue vs dark red). 271
The interaction between NCR247 and succinoglycan is salt dependent. To assess whether the 272 observed interactions between HMW succinoglycan and NCR247 are ionic in nature, we conducted 273 further experiments with a modified association buffer. To increase the ionic strength we added NaCl to 274 a final concentration of 0.1 M. We found that 0.1 M NaCl in the association buffer drastically reduces the 275 binding of HMW succinoglycan to biosensor bound NCR247 as compared to HMW succinoglycan without 276 additional NaCl (Fig. 6C ). This observation indicates that the presence of NaCl ions competes with 277 succinoglycan molecules for binding to cationic NCR247. The small increase in binding signal after placing 278 the biosensor from the NaCl containing buffer back into assay buffer without NaCl may be the 279 consequence of differing optical properties between buffers that affect sensor reading in the presence of 280 HMW succinoglycan (Fig. 6C) . For LMW succinoglycan, NaCl in the association buffer only had very little 281 effect on the low amount of binding that was observed (Fig. 6C ). Next, we tested whether we can could 282 use NaCl to force dissociation of succinoglycan from the NCR247 loaded biosensor tips. When NCR247 283 loaded biosensors with bound HMW succinoglycan were placed into assay buffer containing 0.1 M NaCl, 284 the binding signal rapidly reduced to the level observed when succinoglycan was allowed to associate with 285 NCR247 in assay buffer supplemented with 0.1 M NaCl (Fig. 6D ). Taken together, these observations 286 ( Fig. 6C and D) suggest that the molecular basis of the interaction between NCR247 and succinoglycan is 287 at least partially ionic. 288
Succinoglycan modifications succinyl, pyruvyl and acetyl affect the interaction between NCR247 289 and succinoglycan. Succinoglycan is decorated with three well-characterized side modifications, a 290 succinyl, an acetyl and a pyruvyl residue. S. meliloti mutants that lack intact exoH, exoZ and exoV genes 291 lack these modifications, respectively. To further investigate the molecular characteristics of the 292 interaction between succinoglycan and NCR247 we decided to purify succinoglycan from these three 293 S. meliloti mutants. We collected the supernatant from these mutants and precipitated succinoglycan 294 with three volumes of ethanol. 295
Succinoglycan produced by an exoH mutant lacks the anionic succinyl modification (34). An exoH 296 mutant that has been well characterized predominantly produces HMW succinoglycan (8). Just like wild-297 type HMW succinoglycan, HMW succinoglycan of an exoH mutant is able to protect against the 298 antimicrobial action of NCR247 (Fig. 7) . Bio-layer interferometry assays show that exoH mutant 299 succinoglycan displays a substantially increased binding rate and a higher degree of binding as compared 300 to wild-type HMW succinoglycan ( Fig. S4A and Fig. 8A ). We also observed that the addition of NaCl to the 301 assay buffer after the NCR247-exoH succinoglycan association results in a slower reduction in the binding 302 signal from the NCR247 coated biosensor tip as compared to wild-type succinoglycan (Fig. 8A ). This 303
indicates that NCR247 forms a stronger association with exoH succinoglycan than wild-type succinoglycan 304 (Fig. 8A) and that the loss of this particular anionic succinoglycan modification results in an increase of 305 NCR247-succinoglycan binding. It is interesting that, despite its negative charge, the succinyl group seems 306 to impair the ability of succinoglycan to interact with NCR247 and that the improved binding observed in 307 the absence of the succinyl modification might involve hydrophobic interactions rather than ionic 308 interactions. 309
To assess whether the improved binding of the HMW succinoglycan obtained from the exoH 310 mutant might be due to hydrophobic interactions, potentially involving the two methyl groups on the 311 acetyl and pyruvyl groups respectively, we performed Octet binding assays in the presence of ethanol. We 312 found that the ability of wild-type HMW succinoglycan to bind NCR247 is not affected by ethanol (Fig. 8B,  313 association stage). The wild-type HMW samples, incubated in the presence of ethanol showed a higher 314 rate of dissociation when the sensor tips were placed into ammonium acetate buffer supplemented with 315 NaCl (Fig. 8B, dissociation stage) . In contrast, NCR247 binding to succinoglycan precipitated from exoH 316 mutant supernatant was drastically reduced in the presence of ethanol and was dependent on the ethanol 317 concentration (Fig. 8B ). These findings indicate that hydrophobic interactions between NCR247 and 318 succinoglycan play a stronger role when the succinyl modification is missing from succinoglycan. 319
Mutation of the exoZ gene results in the secretion of succinoglycan lacking the non-charged acetyl 320 modification (35). Functional ExoZ is not essential for a successful symbiosis (36). We precipitated HMW 321 succinoglycan and then LMW succinoglycan with an additional seven volumes of ethanol from the 322 supernatant of this mutant. We found that exoZ HMW succinoglycan is able to protect S. meliloti against 323 the antimicrobial action of NCR247 (Fig. 7) . Our results using bio-layer interferometry show that HMW 324 and LMW succinoglycan derived from an exoZ mutant bind NCR247 more efficiently than the 325 corresponding samples prepared from wild-type supernatant (Fig. S4B and Fig. 8A ). Interestingly, as was 326 the case for the succinyl modification, the effect of the acetyl modification appears to be to attenuate 327 interaction between NCR247 and succinoglycan. 328
Finally, we examined whether succinoglycan from an exoV mutant that lacks pyruvyl modified 329 succinoglycan is able to bind to NCR247. The pyruvyl modification of succinoglycan was hypothesized to 330 be important for the formation of HMW succinoglycan, suggesting that an exoV mutant would be unable 331 to produce significant amounts of HMW succinoglycan (37). We observed that the succinoglycan in the 332 supernatant of the exoV mutant that precipitated after the addition of three volumes of ethanol contained 333 a small proportion of HMW succinoglycan and a correspondingly larger amount of LMW molecules as 334 compared to the wild-type three volume of ethanol preparation (compare Fig. 5A and Fig. 5E ). This 335 preparation does not protect from the antimicrobial activity of NCR247 (Fig. 7) . 336
We purified fractions 37 to 47 that presumably contain LMW succinoglycan from the exoV mutant 337 (Fig. 5E ). We found that the succinoglycan from these fractions bound less well than HMW succinoglycan 338 from wild type S. meliloti, but showed the same NCR247 binding profile as the exoV fraction precipitated 339 with three volumes of ethanol (Fig. S4C ) and the LMW succinoglycan from an exoZ mutant (Fig. 8A) . We 340 were unable to purify enough material for our experiments from the HMW peak (Fig. 5E ). These findings 341 confirm that the lack of the anionic pyruvyl modification interferes with the polymerization of 342 succinoglycan subunits in HMW material (37), but also permits the LMW material to interact with NCR247 343 to some degree. However, this effect does not seem to be great enough to result in protection from the 344 antimicrobial action of NCR247 (Fig. 7) . role that is potentially important for symbiosis. Therefore, we asked whether S. meliloti succinoglycan is 355 able to protect the bacteria from the antimicrobial activities of the cationic model peptide NCR247. 356
We provide data suggesting that succinoglycan can protect S. meliloti against the antimicrobial 357 activities of NCR247. We also show that succinoglycan must be present in its HMW form to exert this 358 protective function. Furthermore, we used two independent methodologies with two distinct, modified 359 NCR247 peptides to provide evidence that the protective function of NCR247 is relayed by direct, 360 molecular interactions between the cationic NCR247 peptide and the anionic HMW succinoglycan. Hence, 361 in addition to its role in promoting and maintaining directed infection thread growth, our data suggest 362 that S. meliloti exopolysaccharides may have an additional symbiotic function, namely interacting with 363 cationic NCR peptides to reduce their potential bactericidal effects. 364
Succinoglycan is essential for S. meliloti to form a successful symbiosis with Medicago plant 365 species by mediating directed and efficient infection thread growth inside root hairs (3). This conclusion 366 is consistent with a previously published, comprehensive nodule laser-dissection gene expression study 367 (24) that showed that all exo genes that are involved in succinoglycan biosynthesis are expressed at 368 relatively high levels during nodule infection in early symbiotic stages and their expression then decreases 369 (Fig. S1A) (24) . However, eight of the succinoglycan biosynthesis genes are then re-expressed at significant 370 levels in the nitrogen fixation zone (ZIII), where also some of the commonly studied NCR peptides display 371 elevated gene expression (Fig. S1B ). These observations from nodule laser-dissection studies are 372 consistent with the evidence presented here that succinoglycan may have a second, late-stage role during 373 symbiosis, in which it helps modulate the potential toxicity of NCR peptides. 374
Our results suggest that it is the HMW form of succinoglycan that is required to protect against 375 the antimicrobial action of NCR247, with the anionic charge of succinoglycan allowing it to function as a 376 chelator to mask the cationic charges of NCR247. The observation that increasing the amount of HMW 377 succinoglycan does not result in complete protection (Fig. S2) raises the possibility that succinoglycan may 378 form a proximal protective layer around the bacteria that limits the antimicrobial effect of NCR247 on the 379 bacteria. Our results also indicate that this effect is not stereospecific and thus is most likely due to 380 electrostatic interactions with possible hydrophobic contributions as well. Another non-exclusionary 381 possibility is that succinoglycan binds a yet to be identified bacterial receptor that is important for NCR247 382 activity, which results in buffering of NCR247 antimicrobial effects. The magnitude of this protective effect 383
is not seen equally with all cationic antimicrobial peptides, we investigated (Fig. 3) . Among the 384 antimicrobial peptides we investigated, the protective effect of succinoglycan is strongest for NCR247 and 385 the bovine proline-rich Bac7 peptides. Both of these peptides have been studied in the context of the 386 symbiotically essential S. meliloti BacA protein (20, 38, 39) . However, currently it is not known whether 387 there is a functional connection between BacA and succinoglycan. To assess how broad this 388 exopolysaccharide mediated protection is against NCR peptides, future work should examine NCR 389 peptides of different charges and other antimicrobial peptides. LMW succinoglycan may not be able to 390 form a dense enough, charged mesh to chelate the attacking NCR247. However, a recent study found 391 LMW succinoglycan to be important for bacterial protection against acidic pH levels, similar to those 392 encountered by bacteria inside symbiosomes (40). 393
It is interesting that loss of either the succinyl modification or the acetyl modification increased 394 the interaction between HMW succinoglycan and NCR247. These observations raise the possibility that at 395 least one biological role for these poorly understood exopolysaccharide modifications might be to tune 396 their interactions with cationic NCR peptides so that lethality can be minimized while still allowing the 397 peptides to exert their important effects during differentiation into bacteroids and during nitrogen 398 fixation. Because loss of the pyruvyl modification also affects the efficiency of polymerization of 399 succinoglycan octasaccharide subunits into polymer, it is more difficult assess its role. Nevertheless, our 400 data are consistent with the anionic pyruvyl modification playing an important role in the interaction with 401 the cationic NCR peptides. 402
It has been reported recently that NCR peptides, especially cationic NCR peptides, interact with 403 the membranes of differentiating bacteria and mediate the formation of outer membrane vesicles or 404 other changes, such as pore formation (41). By being secreted and forming a proximal protective layer 405 around the bacteria, succinoglycan, with its anionic and non-charged modifications, may be acting as a 406 regulator of NCR peptide biological activity on the bacterial membranes. This effect might be 407 accomplished by direct binding to a select group of NCR peptides, possibly cationic ones. A delicate 408 balance between hydrophilic and hydrophobic interactions with NCR peptides could be a key element for 409 this interaction. 410
In conclusion, we propose that, in addition to its well-studied role in promoting infection thread 411 initiation and growth early in symbiosis, succinoglycan plays a second independent role later in symbiosis. 412
Our data suggest that HMW succinoglycan modulates the exposure of the internalized rhizobia to the 413 cationic NCR peptides produced within the nodule to achieve the levels and balance of NCR peptides 414 necessary for differentiation into bacteroids and bacteroid maintenance. An additional possible late stage 415 role could be that LMW succinoglycan protects bacteria inside symbiosomes against pH stress (40). 416
Materials and Methods 417
Bacterial strains and reagents. All bacterial strains used in this study are listed in Synthesis of NCR247 peptide derivatives. The oxidized NCR247 (all regioisomers mix) peptide was 425 prepared as previously described (21). The reduced L-and D-forms of NCR247 were commercially 426 synthesized by Genscript (USA) and then purified by our lab to a purity of 99%. 427
The synthesis of Biotin-NCR247-Bpared was performed using standard Fmoc solid-phase peptide synthesis 428 techniques in a custom-made 25-mL glass reaction vessel outfitted with a medium porosity frit and a "T"-429 bore for N2 gas bubbling. The synthesis of Biotin-NCR247-Bpared was performed on a 0.01-mmol scale of residue, the resin was thoroughly washed with CH2Cl2, the Fmoc was removed using 20 mL of solution 436 containing a TFA:1, 2-ethanedithiol (EDT):H2O:triisopropylsilane (TIS) (94:2.5:2.5:1) mixture for 10 min at 437 60 °C. The mixture was concentrated to a volume of ∼5 mL by using a gentle stream of nitrogen. Ice-cold 438 diethyl ether was added to the resulting concentrate, which resulted in precipitation of the crude 439 peptides, and the mixture was centrifuged in a Beckman Coulter GS-6R rotor (3,500 rpm × 15 min, 4 °C). 440
The organic supernatant was decanted, and the pelleted precipitate was re-dissolved in 5 mL of 5% TFA 441 in 3:1 H2O/MeCN. Preparative RP-HPLC purification (10-60% B acetonitrile over 30 min,10 mL/min) 442 afforded reduced Biotin-NCR247-Bpared (2.5 mg, 10% overall yield). The crude product was reduced by 443 addition of 1 mM tris (2-carboxy) ethyl-1-phosphine (TCEP) in Tris-HCl, pH 8.0 and purified to obtain Biotin-444
NCR247-Bpared. 445
Peptide killing assays. The defined strains were grown to early exponential phase (OD600 between 0.1 and 446 0.3), washed three times with 0.85% saline (0.85g NaCl / 100 ml) and the re-suspended to a final OD600 of exopolysaccharides was then collected (20,000 x g for 30 min) and secreted HMW and LMW succinoglycan 457 was purified using a two-step ethanol precipitation as previously described (9). First, the supernatant was 458 precipitated with the addition of three volumes of ethanol (3V fraction) (6000 x g for 30 min). Second, the 459 supernatant of the first precipitation reaction was precipitated again by the addition of seven volumes of 460 ethanol (7V fraction) (6000 x g for 30 min). After precipitation, HMW and LMW succinoglycan pellets were 461 re-suspended in up to 5 ml of deionized H2O and then lyophilized and re-suspended in deionized H2O, 462 until used at working concentration in the defined experiments based their polysaccharide content as 463 determined by the anthrone-sulphuric acid assay (44). 464
Base hydrolysis of succinoglycan. Base hydrolysis of purified succinoglycan was performed as previously 465 described using 100 mM KOH at 20°C for 6 hours (9). Then the base-hydrolized (BH) succinoglycan solution 466 was neutralized using 1 M HCl. Then BH succinoglycan was precipitated using three volumes of ethanol, 467 followed by dialysis (Slide-A-Lyzer Dialysis cassettes, Thermo Scientific) against water for 48 hours with 468 regular water changes. Dialysis was followed by lyophilization and re-suspension of BH succinoglycan in 469 three ml of dH2O. 470
Size exclusion chromatography. Size exclusion chromatography of purified total succinoglycan was 471 performed as previously described with modifications on a column (1.5 by 90 cm) of Bio-Gel P-6 (fine 472 mesh Bio-Rad) (9). The column was pre-equilibrated with 0.1 M ammonium acetate (pH 5.0). For 473 purification of single succinoglycan fractions approx. 500 µg of purified succinoglycan were loaded onto 474 the column suspended in a final volume of 2 ml 0.1 M Ammonium Acetate buffer (pH 5.0). Whenever 475 mentioned, FI-NCR247 was loaded at a final concentration of 50 µg ml -1 . Fractions (1.6 ml) were collected 476 and the carbohydrate content of each fraction was determined by using the anthrone-sulphuric acid assay 477 (44). In brief, in a 96 well plate, 50 µl of size exclusion chromatography fraction were mixed with 150 µl of 478 glacial sulphuric acid containing anthrone (2 g l -1
). The samples were left at 4°C for 20 min, then kept at 479 70°C for one hour followed by incubation at room temperature for 20 min. Then the absorbance at 620 nm 480 was measured for each sample using a Tecan Spark 10M plate reader. 481
Bio-layer interferometry. Bio-layer interferometry was carried out using a ForteBio Octet® RED96 Bio- BioGel P-6 column and 1.6 ml fractions were collected and the polysaccharide content of each fraction 687 was determined using the anthrone-sulphuric acid assay. 3V -supernatant precipitated with three 688 volumes of ethanol, 7V -3V fraction precipitated with an additional seven volumes of ethanol. 689 . exoY mutant supernatant does not contain succinoglycan. Wild-type and exoY mutant supernatants were precipitated with three volumes of ethanol and then 500 µg of polysaccharide were separated on a BioGel P-6 size exclusion column. Then the fractions containing HMW succinoglycan (20-35) in wild-type supernatant were collected from both preparations and lyophilized (compare Fig. 5A and D). Lyophilized material from both preparations was then re-suspended in 1 ml of purified H 2 O and the polysaccharide concentration of the wild-type fractions determined. S. meliloti Sm1021 were treated with 20 µM NCR247 together with either 50 µg ml -1 of wild-type peak polysaccharide or the corresponding dilution (same dilution factor as wild-type) of exoY mutant fractions 20-35 for 5 hours and viable bacteria were recovered. Bars and error bars indicate the mean ± standard deviation. The results are representative of trends observed in two independent experiments. Figure S3 . Column volume and polysaccharide distribution after BioGel P-6 column fractionation. 2 ml of 200 µg ml -1 CoCl 2 in ammonium acetate were loaded onto a BioRad Bio Gel P-6 size exclusion column and 1.6 ml fractions were collected. Then the optical density at 550 nm was determined for every fraction. Octet bio-layer interferometry assays were performed as described in the materials and methods section. The concentrations of free succinoglycan was kept constant for HMW and LMW forms at 10 µg ml -1 . Where indicated, the ammonium acetate assay buffer was supplemented with 0.1 M NaCl. Results shown are represnetative of at least two independen experiments. HMW -High molecular weight succinoglycan, LMW -Low molecular weight succinoglycan, 3V -supernatant precipitated with three volumes of ethanol, 7V -3V fraction precipitated with an additional seven volumes of ethanol.
